The use of pore pressure build-up as damage metric in computation of equivalent number of uniform strain cycles D r a f t
Abstract:
The build-up of earthquake-induced excess pore water pressure may be viewed as analogous to the cumulative damage of saturated granular materials caused by cyclic loading, and consequently as damage metric when converting an irregular earthquake loading to an equivalent number of uniform cycles, N eq . In this paper, a comprehensive series of strain-controlled tests have been conducted using the new combined triaxial simple shear (T x SS) apparatus developed at IREQ in collaboration with the Geotechnical group at the Université de Sherbrooke to verify the hypothesis of adopting the pore water pressure ratio R u , as damage metric when converting earthquakes to an equivalently damaging number of uniform strain cycles. Different reconstituted saturated samples of Baie-Saint-Paul, Carignon, and Quebec sands have been tested under undrained condition up to liquefaction. The experimental results from this study have been utilized to develop an empirical expression to compute N eqγ from both the number of cycles required to trigger liquefaction N liq , and the material parameter r. The parameter r, had been experimentally calibrated a priori from a separate set of tests using uniform strain cycles following the theoretical framework outlined by Green and Lee (2006) . The present results reveal that
Introduction
Liquefaction of saturated sand deposits under seismic loading is one of the most important damaging phenomena in soil dynamics that can be regarded as a special case of soil fatigue failure resulted from the gradual build-up of excess pore water pressure accompanied by the accumulative loss of strength and stiffness. Over the last several decades, numerous experimental (e.g., Silver and Park 1976; Rahman et al. 2014 ) and field (e.g., Seed et al. 1983; Juang et al. 2003) investigations have been carried out aiming to grasp a close understanding of liquefaction phenomenon and to develop reliable procedures to evaluate its potential occurrence in the field. Among these procedures, the simplified procedure developed from empirical evaluations of field and laboratory test data by prof. H. B. Seed and his colleagues at the University of California at Berkeley stands as the most widely used procedure. In this procedure, laboratory testing on soil samples subjected to uniform shear stress (i.e., stress-D r a f t 3 controlled cyclic test) with continuous monitoring of pore water pressure build-up (undrained tests) or volume change (drained tests) is utilized to construct the soil cyclic loading strength (CSR-N liq ) curves, where the CSR represents the cyclic stress ratio required to generate liquefaction and N liq represents the corresponding number of cycles (Seed and Idriss 1971) . However, applying this procedure intuitively required the conversion of the irregular earthquake motion measured in the field to an equivalent number of uniform stress (N eqτ ) cycles. In fact, Seed et al. (1975a) applied minor modifications to the well-known Palmgren-Miner (P-M) hypothesis (Palmgren 1924; Miner 1945) , originally proposed for metal fatigue analyses, to compute N eqτ for evaluating the soil liquefaction potentials. Based on Seed et al. procedure, an intensive research work has been done to correlate N eqτ of earthquake ground motion to facilitate the assessment of liquefaction potential (e.g., Annaki and Lee 1977; Liu et al. 2001; Lasley et al. 2017) . Although Seed et al. procedure is simple, empirical, and is based on both laboratory and field observations, several authors (e.g., Silver and Park 1976; Wer and Dobry 1982; NRC 1985; Kazama et al. 2000) pointed out some limitations of the stress-controlled testing adopted in the simplified procedure. For example, the difficulty in defining the exact state at which the liquefaction initiates and the abrupt increase of the pore water pressure at higher number of cycles. The limitations of the stress-controlled test were discussed in detail in Kramer (1996) and Liu and Xu (2015) .
Moreover, it is well known that the cyclic behavior and cyclic volume change of soils are fundamentally affected by the cyclic strain amplitude than the cyclic stress amplitude (Dobry and Vucetic 1987; Vucetic 1994) . In fact, cyclic strain-controlled tests produce quite consistent and more realistic pore water pressure data because they alleviate the effect of soil fabric and sample disturbance (Silver and Seed 1971 Dobry and Vucetic 1987; Vucetic 1994; Chang et al. 2007) . For this particular reason, some researchers suggested using cyclic strain-controlled tests as a basis for the computation of the excess pore water pressures Dobry et al. 1985; Vucetic and Dobry 1988) , and consequently to construct the (γ cyc -N liq ) curves, where γ cyc is the shear strain amplitude required to trigger liquefaction (Talaganov 1996; Sitharam et al. 2012) . The (γ cyc -N liq ) curve is analogy to the wellknown (CSR-N liq ) curve obtained from stress-controlled liquefaction tests. The latter curve was previously adopted by Seed et al. (1975a) following the (S-N) metal fatigue curve introduced by Palmgren (1924) and Miner (1945) for metal fatigue studies, where N is the number of uniform stress cycles having amplitude S required to cause a specific degree of strength deterioration of metal component (Annaki and Lee 1977) .
To assess soil liquefaction potential, using strain-controlled tests, it is also required to convert an irregular earthquake motion to a uniform strain (N eqγ ) cycles. Tokimatsu and Seed (1987) assumed that N eqγ is equal to N eqτ for an earthquake motion and presented a correlation relating earthquake magnitude and N eqτ or N eqγ adopting a variant of the P-M hypothesis (Green and Lee 2006) . Green and Lee (2006) outlined a theoretical framework supported by some practical examples for computing N eqγ adopting the incremental volumetric strain (∆ε v ) model proposed by Martin et al. (1975) and its development by Byrne (1991) . In their calculations, Green and Lee (2006) used both (P-M) (Palmgren 1924; Miner 1945 ) and (R-N) (Richart and Newmark 1945) hypotheses of material damage. They pointed out that the P-M hypothesis over-predicts N eqγ as compared to the R-N hypothesis. Moreover, the values of the N eqγ computed by R-N hypothesis are significantly equal to N eqτ computed by equating the dissipating energy approach outlined earlier by Green and D r a f t Terri (2005) . However, their theoretical work lacks a direct experimental verification for a definite conclusion with respect to the computation of N eqγ from the P-M or R-N hypotheses, which is the main objective of the current study.
In this paper, an experimental program was adopted to pursue the theoretical framework of Green and Lee (2006) by adopting the recorded pore water pressure ratio R u , (∆u/σ' co ) in strain-controlled tests as damage metric; where, ∆u is the measured excess pore water pressure, and σ' co is the initial effective stress. The main purposes of this study can be summarized as: (1) to investigate the liquefaction potential under strain-controlled condition; (2) to study the use of pore water pressure as damage metric; and (3) to develop an empirical expression to compute N eqγ from both the number of cycles required to trigger liquefaction N liq , and the material parameter r, experimentally calibrated a priori from a separate set of tests using uniform intensity cycles. To this end, cyclic uniform, non-uniform and irregular tests were performed in the new combined triaxial simple shear (T x SS) apparatus (Chekired et al. 2015) developed at the Institut de Recherche d'Hydro-Québec (IREQ) in collaboration with the Geotechnical group at the Université de Sherbrooke.
Before describing the experimental program and the experimental results, a brief review of both the P-M and R-N cumulative damage theories and their application in computing equivalent number is presented to be followed by an overview of some of the existing pore pressure build-up models relevant to the study described herein.
Equivalent number concept and cumulative damage: a review
The concept of equivalent number of cycles is to convert an irregular earthquake motion to uniform strain or stress cycles having the same damage effect. It was first D r a f t 6 applied on metal fatigue analysis to convert non-uniform loading result from machines and traffic loads to equivalent-damage uniform loads using different cumulative damage hypotheses (Green and Terri 2005) . The main advantages of the converting process are: (1) one set of laboratory test data can be used to evaluate many earthquake motions (Seed et al. 1975a ); (2) it facilitates the comparison between the induced earthquake stresses in the field and the resistance obtained from cyclic uniform experimental tests.
The most widely used approach is the Palmgren-Miner (P-M) and it is considered the basis for most engineering problems dealing with irregular loading. It was first introduced by Palmgren (1924) and further developed by Miner (1945) to predict fatigue damage D, of metal under a cyclic non-uniform load. However, the main limitation of the P-M hypothesis is that it is intended for high cycle fatigue conditions (i.e., large number of cycles with low amplitude). In addition, it does not consider the sequencing of peaks in earthquake time history which significantly has an influence on pore water pressure build-up in saturated soil (e.g., Martin et al. 1975; Ishihara and Nagase 1988) . The main assumption of the P-M hypothesis is that the damage accumulates linearly during cyclic loading. Therefore, the relation between the cumulative damage D, after n cycles with constant load amplitude versus cyclic ratio R n , (R n =n/N, where, N is number of failure cycles) can be obtained by a unique linear relation irrespective of the load amplitude value (i.e., load independent relationship) (Green and Lee 2006) . For a given time history of uniform or nonuniform load amplitude, the total fatigue damage D, according to the P-M hypothesis can be estimated from Eq. 1, regardless of load peak sequence (Annaki and Lee 1977 
In the late 1960s to the early 1970s, Prof. Seed and his colleagues, in their intensive work at Berkeley, adopted the P-M hypothesis to compute N eqτ for evaluation of liquefaction potential (e.g., Lee and Chan 1972; Seed et al. 1975a; Annaki and Lee 1977) . Green (2001) introduced adjustments to the P-M method to overcome the aforementioned shortcomings of the P-M hypothesis and to alleviate the influence of soil softening on the computed dissipated energy (Green and Terri 2005) .
Based on the P-M hypothesis, Richart and Newmark (1948) developed a different cumulative damage hypothesis denoted as R-N. R-N hypothesis accounts for both the amplitudes of the peaks and their sequencing in the ground motion time history. Unlike the P-M hypothesis, the R-N hypothesis is applicable for both high and low cycle fatigue analyses. R-N hypothesis is also considered as an alternative form to the widely used model introduced by Martin et al. (1975) and Byrne (1991) procedure (Green and Lee 2006) . In contrast to P-M hypothesis, R-N is load dependent hypothesis, i.e., the relation between cumulative damage D, after number D r a f t 8 of uniform stress or strain cycles n, versus cyclic ratio R n , depends on load amplitude and can be obtained according to Green and Lee (2006) by:
where, r is a material parameter that depends on the load amplitudes and R n is the cyclic ratio. For an applied cyclic stress or strain time history consists of sequent cycles of n 1 , n 2 , n m having varying peak amplitudes of S 1 , S 2, S m , the cumulative damage D, can be estimated after each sequent cycle by:
where, D 1 , D 2 , D m is the cumulative damages induced after n 1 , n 2 , n m , respectively; N 1 , N 2 , N m are number of cycles required to cause liquefaction corresponding to uniform cycles having amplitude S 1 , S 2, S m ; r 1 , r 2 , r m is the material parameters corresponding to amplitude S 1 , S 2 , S m , respectively, where, m is the total number of cycles in the time history. N eq of uniform cycles can be computed from Eq.7 by equating the cumulative damage of earthquake time history, obtained from Eq.5, with that obtained from equivalent uniform cycles, Eq.6. 
Pore pressure build-up models
During earthquake loading on saturated soil, pore water pressure dissipation is not allowed as load is applied in very short time. Therefore, some of its intergranular effective stresses are transferred to pore water which leads to progressive pore water pressure build-up and a decrease of the effective stress (Seed and Lee 1966; Rahman et al. 2014) . A variety of models have been developed over the years to predict pore water pressure ratio R u , in saturated soil subjected to uniform and earthquake loading as a function of cyclic ratio R n (Polito et al. 2008) . These early models were based on two main approaches: cyclic stress (Seed et al. 1975b ) and cyclic strain approach (Martin et al. 1975) which was followed by strain energy-based model (Nemat-Nasser and Shokooh 1979). Seed et al. (1975b) introduced the first empirical relation between pore water pressure ratio R u , and cyclic ratio R n , Eq. 8, based on the experimental work done by DeAlba et al. (1975) .
Where, α is an empirical constant which depends on the soil properties and test conditions (Polito et al. 2008) . The R u from Eq.8 was adopted by Wer and Dobry (1982) as damage metric to compute N eqτ . The advantage of this procedure is that it considers the consequence effect of each half cycle in the time history on pore water pressure build-up. However, its limitations are, it depends on numerical pore pressure model in addition to the difficulty of defining the exact value for α. According to D r a f t Polito et al. (2008) , the value of α is a function of fine content (FC), relative density (D r ), and cyclic stress ratio (CSR) and cannot be assumed equal to 0.7 for all cases. In the current study, the pore water pressure measured in the T x SS apparatus during applying earthquake time history is directly used as damage metric to compute N eqγ by equating the generated pore water pressure ratio by that generated by N eqγ of uniform strain cycles. On the other hand, the use of pore water pressure build-up in saturated soil as damage metric to compute N eq is generally not recommended by several researches, particularly, with strong ground motions (Haldar and Hochaimi 1984).
They attributed their recommendation to the fact that the R u may exceed the unity prior to the end of shaking in major earthquakes; therefore the subsequent motions do not contribute in computing N eq (Carter et al. 2013 ). However, cases where R u exceeds the unity are out of the scope of the current study. The current study, in fact, focuses chiefly on pore water pressure build-up up to liquefaction (i.e., R u = 0.9).
Experimental work

Testing apparatus
The Combined Triaxial Simple Shear, T x SS apparatus (Chekired et al. 2015) developed at the Institut de Recherche d'Hydro-Québec (IREQ) in collaboration with the Geotechnical group at the Université de Sherbrooke was used in the current study.
The T x SS was designed to perform simple shear stresses on soil specimen in triaxial condition under strain-controlled drained or undrained conditions. The apparatus allows saturating and consolidating the soil specimen under hydrostatic confining pressure in triaxial chamber. In addition, it allows performing tests on reconstituted and intact soil samples under isotropic or anisotropic condition. It has the ability to host a cylindrical soil specimen placed in rubber membrane with a diameter of 76 mm D r a f t and varying heights. The soil specimen confined in the triaxial chamber can be subjected to both monotonic as well as cyclic uniform and irregular shear stresses.
Cyclic tests can be performed on saturated soil specimens and pore water pressure can be measured during the undrained test. More details about T x SS can be found in Chekired et al. (2015) .
Testing Program
Three types of sands were collected from different areas in the province of Quebec with different physical properties; Baie-Saint-Paul (BSP) (relative density, D r = 55%),
Carignon sand (D r = 47 and 80%) and Quebec sand (D r = 64%). Physical properties of the used sands are summarized in Table 1 . The grain-size distribution curves of these sands are shown in Fig. 1 . Figure 1 shows also the range of grain-size distribution curves for liquefaction susceptible soils as proposed by Xenaki and Athanasopoulos (2003) . As shown in Fig. 1 , the used sands fall in the grain-size distribution ranges of liquefiable soils. A total of 24 tests have been conducted on isotropically consolidated soil samples using the T x SS apparatus. Table 2 summarizes the conditions of all tests performed in this study.
Preparation method has significant effect on the pore pressure build-up and deformation pattern during cyclic loading (Sze and Yang 2014) . The wet tamping preparation method was adopted to prepare reconstituted soil specimens in a rubber membrane in the T x SS cell. This method was selected in the current study as it enables preparing reconstituted soil samples at wide range of initial density with high degree of precision (Sze and Yang 2014) . In addition, it provides more isotropic fabric samples (Yang et al. 2008) . Moist soil specimens of 76-mm diameters and 25-mm D r a f t heights were prepared from the aforementioned sands in three layers. Park (1999) and Frost and Park (2003) concluded that the compaction stress must not be higher than the used confining pressure to avoid pre-stressing soil sample. Thus, each layer was compacted gently using hand tamper of 340 g until achieving the desired density. To saturate the soil specimen, carbon dioxide (CO 2 ) gas was flushed through each soil sample for 15 minutes. Subsequently, de-aired water was percolated through soil sample under a slight back pressure of 50 kPa with cell pressure of 40 kPa for 2 hours.
Next, a back pressure of 200 kPa was applied with cell pressure of 190 kPa for 15
hours. To ensure the full saturation of the soil, the Skempton's pore pressure parameter B (∆u/∆σ 3 ) was estimated for each test by measuring the increase in pore water pressure ∆u, induced by increasing cell pressure by ∆σ 3 . Fully saturation was defined when B greater than 0.96 was achieved. Once an acceptable B value had been obtained, the soil specimen was isotropically consolidated under effective confining pressure of 75, 60, and 78 kPa for BSP, Carignon, and Quebec sands, respectively.
After consolidation stage, all soil specimens under undrained condition were subjected to cyclic uniform or irregular shear strain time histories (strain-controlled) until initial liquefaction was occurred. Initial liquefaction is defined throughout this study as R u = 0.9. The uniform shear strains were applied on BSP and Carignon sands at a loading frequency of 1.0 Hz, while Quebec sand was tested at 1.8 Hz. It is noteworthy that frequency doesn't have significant effect on liquefaction potential (Boulanger et al. 1991; Polito 1999; Hazirbaba and Rathje 2009) .
Experimental results
Typical records of T x SS test (Q4) on Quebec sand under uniform shear strain are presented in Fig. 2 . Figure 2a [ ]
in which G max = the maximum shear modulus and G is the shear modulus at any cycle. proportional to the shear strain amplitude. Figure 3 shows the effect of the relative density of soils on the liquefaction potential wherein denser Carignon sand (D r = 80%) has higher liquefaction resistances than the looser one (D r = 47%) at different strain levels. This is in agreement with earlier observations by several researchers (e.g., Peacock and Seed 1968; Tatsuoka et al. 1987; Liu and Xu 2015 
Figure 4 presents a comparison between the measured pore water pressure ratio R u.exp., and that estimated from Eq. 10, R u.est., using the calibrated material parameter r. It can be observed that there is a good correspondence between measured and estimated pore water pressure ratio R u . Therefore, the use of Eq. 10 in conjunction with measured pore water pressure can be considered as an alternative approach to calibrate r. Meanwhile, Green and Lee (2006) adopted the volumetric change procedure to calibrate the parameter r based on Martin et al. (1975) model and its development by Byrne (1991) .
The calibrated values of material parameter r, from Eq. 10 for BSP sand (D r = 55%), Carignon sand (D r = 47 and 80%) and Quebec sand (D r = 64%) are listed in Table 2 . The variation of r with the applied shear strain amplitude γ cyc , for tested sands is presented in Fig. 5 . It is observed in all calibrated curves that the values of r, reduce with increasing the cyclic shear strain γ cyc . Moreover, the r changes from soil D r a f t to another wherein Quebec sand has the lowest calibration curve while Carignon sand (D r = 80%) has the highest one. This variation may be due to the change of particle shape while coefficient of uniformity C u , and coefficient of curvature C c , may not have a significant effect.
Liquefaction potential curves, Fig. 3 , was used in conjunction with r, Fig. 5 , to compute the cumulative damage by both P-M and R-N hypotheses, Eq. 5, of two synthetic non-uniform strain time histories (B6 and B7) applied on BSP sand. The Figs. 6a and 6b, respectively. It is observed that the generated R u and the computed cumulative damage by R-N hypothesis are identical in both cases of B6 and B7.
However, the corresponding cumulative damage by P-M hypothesis is significantly less than that obtained by R-N hypothesis and doesn't correctly reflect the generation of pore water pressure during cyclic loading.
In order to investigate the validity of using pore water pressure as damage metric under earthquake time history, two synthetic earthquake ground motions introduced by Atkinson (2009) in addition to an incompatible earthquake (from USA)
were used in the current study. The synthetic earthquake ground motions were first half loading cycle (Seed at al. 1975a; ASTM 2011) . In contrast to the previous work by Seed et al. (1975a) wherein neglecting small amplitude cycles don't influence results, all amplitudes are counted in the current study in calculation of pore water pressure build-up "cumulative damage" and inherent in computing equivalent number. Figures 9a, 9b and 9c show that the computed cumulative damage using the R-N hypothesis is in good agreement with the measured pore water pressure for both BSP and Carignon sands. However, the cumulative damage computed by P-M hypothesis doesn't correctly reflect the cumulative damage (i.e., the generated pore D r a f t water pressure) during cyclic loading. That can be attributed to the deficiency of the P-M hypothesis to account for the sequence of loading peaks. As the R-N hypothesis considers the load sequence; it can be used in an acceptable degree of accuracy to compute cumulative damage, which represents pore water pressure build-up, during uniform, non-uniform, and irregular earthquake shear strain time histories (Figs. 4, 6 , and 9) which was theoretically concluded earlier by Green and Lee (2006) .
Converting earthquake strain time history to equivalent uniform strain cycles,
As shown in the previous section, there is a good agreement between the computed cumulative damage using R-N hypothesis and the measured pore water pressure. So, a new formula alternative to Eq. 7 can be used to predict N eqγ up to liquefaction occurrence, i.e., R u = 0.9, using the measured pore water pressure in the T with that generated after applying B6 (Fig. 6a), B8 (Fig. 9a) and B9 (Fig. 9b) , respectively. While, Fig. 10d compares the generated R u in Carignon sand (D r = 47%) after applying uniform strain cycles γ cyc , of 0.27 and 0.20 with that generated after D r a f t applying C1-6 (Fig. 9c) . Numbers of uniform strain cycles N eqγ , required to generate R u of 0.6, 0.42 and 0.9 (corresponding to test B6, B8 and B9) in BSP sand samples are listed in Tables 3a, 3b are also listed in Table 3 . In fact, the liquefaction potential curves (γ cyc -N liq ) are used as weighting curves wherein N liq for each peak in earthquake strain time history can be determined. It can be seen from the values presented in Table 3 for both BSP and Carignon sands that there is a good agreement between the computed N eqγ using R-N hypothesis, Eq.7, and the experimentally determined values (Fig. 10) 
Conclusions
Following the theoretical work by Green and Lee (2006) , a series of experimental work was conducted using a new combined triaxial simple shear (T x SS) apparatus to D r a f t investigate the equivalent number concept. Uniform strain-controlled tests were conducted under undrained condition on reconstituted sample of BSP, Carignon, and Quebec sands to develop (γ cyc -N liq. ) curves analogous to the typical (CSR-N liq. ) curves that can be used in liquefaction assessment and N eqγ estimation. Pore water pressure generated in uniform strain-controlled tests was used as damage metric with an adequate degree of accuracy to calibrate the material parameter r. It is observed that material parameter is a function of soil type, cyclic shear strain amplitude γ cyc , and soil density.
Using the calibrated material parameter to apply R-N hypothesis on nonuniform and earthquake time histories results in good agreement between the measured pore water pressure and the computed cumulative damage. However, the current study shows that the P-M hypothesis underestimates the cumulative damage (i.e., the generated pore water pressure) during cyclic loading till the onset of Table 3b : Summary of computing procedure of N eqγ for Synthetic 1 (B8). 
